Objective: This study aimed to determine the mode of action of Fas ligand (FasL) / Fas at mediating apoptosis so as to evaluate the potential of FasL in gene therapy for restenosis. Methods: Passaged human coronary artery smooth muscle (HCASM) cells were infected with recombinant adenoviral vectors expressing murine FasL. Various parameters of FasL expression and apoptosis were measured using FACS, immunofluorescence, calorimetric, and cytotoxicity assays. Results: Most HCASM cells under normal growth conditions expressed Fas and were shown to be susceptible to membrane bound but not soluble FasL. However, some FasL expressing cells survived for up to 7 days. These surviving cells were observed to be spatially distributed and were not in direct physical contact with each other. Upon examination, it was determined that although the majority of the surviving cells expressed FasL, only 30% expressed both Fas and FasL. These cells were capable of inducing apoptosis of target cells and some were also susceptible to FasL expressing cells, provided that the effector and target cells were in close physical contact. FasL / Fas-mediated apoptosis was inhibited by p35, a baculovirus gene that inhibits caspases. Additionally, in contrast to HCASM cells, neither membrane-bound nor soluble FasL induced apoptosis in coronary artery endothelial cells. Conclusions: FasL expressing HCASM cells do not undergo FasL / Fas mediated ''suicide'' but kill neighboring cells bearing Fas in a ''fratricidal'' manner. A small population of HCASM cells expresses no surface Fas. These results imply that HCASM cells transduced in vivo with FasL may serve as ''scavengers'' and exert a bystander effect on surrounding cells that may be enhanced by co-expression of p35. As FasL-mediated apoptosis occurs in coronary arterial smooth muscle but not endothelial cells, FasL may also offer an advantage over other genes for use in restenosis since the latter may indiscriminately delay re-endothelialization at the sites of gene.
Introduction
FasL / Fas-mediated apoptosis and therefore avoid inflammation. Cytotoxic T-lymphocytes and natural killer cells Fas is a member of the tumor necrosis factor receptor eliminate their target cells in part through FasL / Fas superfamily and mediates the initiation of apoptotic sigmediated apoptosis. In addition, antigen-activated apopnaling [1] . While Fas is expressed in all cell types tosis of T-cells is FasL-dependent, providing a mechanism examined, physiologic expression of Fas ligand (FasL) is for the maintenance of homeostasis of the immune system, found predominantly in activated T-lymphocytes and for suppression of immune response and for peripheral natural killer cells, as well as vascular endothelial cells and tolerance [3] . ''immune-privileged'' tissues such as eye and testis [2, 3] .
In the vasculature, the FasL / Fas pathway has been Cells of the ''immune privileged'' organs immediately kill implicated in atherogenesis [4] [5] [6] [7] , allograft arteriopathy activated inflammatory cells that enter these organs by [8] , and the acute inflammatory response to cytokines [9] . Although endothelial cells express both Fas and FasL they are normally resistant to FasL / Fas-mediated apoptosis due to endogenous mechanisms that inhibit the downstream the Declaration of Helsinki (Cardiovascular Research signaling pathways. It is speculated that FLIP, a FLICE 1997;35:2-3). HCASM cells, human coronary (HCAEC) inhibitory protein which is constitutively expressed in and umbilical vein (HUVEC) endothelial cells, bronchial endothelial cells, is involved in the blockade of FasL / Fas epithelial cells (NHBE), hepatocytes (NHeps), and skeletal signaling [10] . In contrast, vascular smooth muscle cells muscle cells (SkMC) were obtained from Clonetics Corpoexpress only Fas and are susceptible to FasL / Fas mediated ration (San Diego, CA) and grown in the medium provided apoptosis [11] . To explore the therapeutic potential of by the company. A20 and WR19L cells (mouse B-lymFasL / Fas mediated apoptosis, FasL has been evaluated for phoma cell lines) were obtained from American Type the treatment of proliferative disorders of the vessel wall Culture Collection (Rockville, MD) and were grown in [11] . For example, in rat carotid arteries, local delivery of RPMI-1640 medium supplemented with 10% (v / v) fetal an adenoviral vector encoding the murine FasL signifibovine serum and Dulbecco's modified Eagle's medium cantly inhibits neointima formation following balloon supplemented with 10% (v / v) fetal bovine serum, respeccatheter injury. In addition, transduction of vascular tively. smooth muscle cells with FasL suppresses T-cell infiltration and possibly allows adenovirus-harboring cells to 2.2. Construction of recombinant adenoviral vectors evade immune attack [11] . Furthermore, adenovirus-mediated gene transfer of FasL has been shown to reduce Ad2 / CMVbgal-FasL is an Ad2 based vector in which neointima formation in immunologically primed animals the E1 region was replaced with a b-galactosidase expres- [12] . Together, these observations suggest that FasL gene sion cassette driven by the human CMV enhancer / promottherapy may represent an approach for the treatment of er. The murine FasL cDNA was cloned by PCR from vascular smooth muscle proliferative disorders, such as mouse testis cDNA (Clontech Laboratories, Palo Alto, restenosis after coronary angioplasty.
CA). The E3 region was replaced with the murine FasL In this study we assessed several aspects of FasL / Fasexpression cassette driven by the human CMV enhancer / mediated apoptosis in human coronary artery smooth promoter. The FasL expression cassette was inserted in the muscle (HCASM) cells. We established profiles of Fas opposite orientation to the E3 region. The E4 region except expression in these cells prior to and after infection with for ORF6 was deleted. Ad2 / CMVEV was constructed in a adenoviral vectors. The fate of vascular smooth muscle similar fashion as Ad2 / CMVbgal-FasL except that there cells expressing FasL was also examined. We then investiwas no transgene. Ad2 / CMVbgal and Ad2 / EGFP encodgated whether FasL / Fas-mediated apoptosis in non-pasing b-galactosidase and green fluorescent protein (GFP) saged HCASM cells was paracrine or ''fratricidal'' in respectively, were also constructed in a similar fashion as nature, or if these cells committed ''suicide'' by autocrine Ad2 / CMVbgal-FasL except that the adenovirus E3 region signaling. We reasoned that if FasL / Fas-mediated apopwas unmodified. Ad2 / CMVp35 contains the same E1 and tosis was fratricidal, some FasL transduced smooth muscle E3 deletions as Ad2 / CMVbgal-FasL. The p35 gene was cells might be capable of evading the cytotoxic T-lymphocloned by PCR from baculovirus genomic DNA. The E1 cytes and thereby prolong the effect of FasL. However, region codes no transgene while the p35 expression this bystander effect might not extend beyond those cells cassette was inserted into the E3 region. that were in direct physical contact with these ''scavenger'' cells. On the other hand, if autocrine suicide could occur 2.3. Measurement of b-galactosidase expression via soluble FasL shed from the FasL expressing cells, one might expect an extended bystander effect through diffu-HCASM cells were grown to .95% confluence and sion of the ligand. If suicide occurred only via contact of infected at a multiplicity of infection (MOI) of approxithe receptor and ligand during movements of the cell mately 100 with either Ad2 / CMVbgal or Ad2 / CMVbgalmembrane, an extended bystander effect would be unlikeFasL. Levels of b-galactosidase were measured using the ly. Furthermore, we tested the feasibility of extending the Galacto-Light Plus chemiluminescent reporter assay presence of FasL expressing cells by co-expressing p35, a (Tropix, Bedford, MA). In some experiments, b-galactobaculovirus gene that inhibits caspases [13, 14] . Finally, we sidase expression was detected by light microscopy as studied the cytotoxicity of soluble human FasL in several nuclear-localized blue staining using the b-galactosidase cell types, addressing concerns of potential systemic substrate, X-Gal (5-bromo-4-chloro-3-indolyl-b-D-galactotoxicity due to a soluble FasL cleaved from transduced pyranoside) as described previously [15] combinations. The cells were harvested 5 h post-infection.
Cr release assay
The appropriate groups of cells were mixed, seeded, and allowed to incubate for an additional 24 h. GFP expression Twenty-four h after infection with Ad2 / CMVbgal-FasL was then assessed by both light microscopy and flow (approximately 400 MOI), some HCASM cells were though staining intensity was somewhat higher (Fig. 1) . To examine the nature of FasL / Fas-mediated cell death apoptosis in HCASM cells. However, it should be noted in HCASM cells, the TUNEL assay was performed to that positive TUNEL staining may occur in either necrotic detect apoptotic nuclei following infection with Ad2 / cells containing fragmented DNA strands or non-apoptotic CMVbgal or Ad2 / CMVbgal-FasL (100 MOI). In cells cells undergoing active RNA and DNA synthesis / repair. infected with Ad2 / CMVbgal, neither cell death nor Thus, our results cannot be interpreted to exclude non-TUNEL positive nuclei was observed. In contrast, massive apoptotic cell death. cell death and detachment were detected following inFasL can be cleaved by a metalloproteinase to yield a fection with Ad2 / CMVbgal-FasL. The nuclei of some soluble form, which can mediate autocrine suicide and remaining cells were TUNEL positive (Fig. 2) and showed paracrine fratricide in activated T-lymphocytes [16] . Howa punctate pattern of DNA condensation and fragmentation ever, supernatants from the HCASM cells infected with characteristic of apoptosis, indicating FasL / Fas-mediated Ad2 / CMVbgal-FasL failed to kill HCASM cells. Assum- were re-suspended and incubated together in a similar through day 4, which was consistent with our previous fashion, approximately 30% of the cells were lysed. These reports in other cell types in vitro [15] . A similar profile of results suggest that some surviving cells expressing FasL persistence was also observed in the surviving cells were either less or not susceptible to paracrine signaling by following infection with Ad2 / CMVbgal-FasL (Fig. 3) .
membrane-bound FasL. Because of detectable b-galactosidase expression at day 4, these surviving cells were speculated to express FasL. experiment ( Fig. 6) shows that approximately 30 and 95% only. There were far more surviving cells here than of the surviving cells were stained positively for Fas and observed in the second co-culture. The majority of the FasL, respectively. These results suggest that the majority surviving cells expressed GFP. These observations indicate of the cells expressing Fas also co-expressed FasL. Imthat p35 protected the cells from FasL / Fas mediated portantly, the cells that expressed both FasL and Fas could apoptosis while FasL was co-expressed in the same cells or survive for at least 24 h.
Expression of Fas and FasL in surviving cells
was presented as membrane-bound FasL by the adjacent cells (Fig. 7C) . The fourth co-culture consisted of one 3. 4 
. Protection of FasL expressing cells by p35
group of cells infected with Ad2 / EGFP alone and another group of cells co-expressing FasL and p35. The total To examine the effect of p35 on FasL / Fas signaling, we number of surviving cells was similar to that observed in performed co-culture studies. The cells infected with the third co-culture but the percentage of GFP positive various vectors or their combinations were harvested 5 h cells was much lower than that observed in the second and post-infection and utilized as either target or effector cells. third co-culture (Fig. 7D ). These observations suggest that Target and effector cells in various pairs were mixed and the FasL expressing cells exerted the same effect on the then co-cultured for an additional 24 h. The first co-culture GFP positive cells as in the second group, but were consisted of two groups of cells. Both groups were infected protected from FasL / Fas-mediated apoptosis by p35 in the with Ad2 / CMVbgal-FasL while only one group was also fourth group. The surviving cells of different co-cultures infected with Ad2 / EGFP. The surviving cells were evenly were collected for FACS analysis (Fig. 7E) . The quantitadistributed with the majority being not in direct physical tive analysis was consistent with the microscopic observacontact with other cells. Approximately 50% of the tions. surviving cells expressed GFP (Fig. 7A) . In the second co-culture, one group of cells was infected with Ad2 / CMVbgal-FasL while the other was infected with Ad2 / 3.5. Differential cytotoxicity of FasL on various cell EGFP. More cells survived and a higher percentage of the types surviving cells expressed GFP in the second than in the first co-culture. We also observed surviving cells that were
We examined the effects of FasL expression on HCAEC distributed as ''patches'', possibly due to the heterogeneity cells. No cell death was observed 2 and 5 days following in the distribution of FasL expressing cells (Fig. 7B) . In infection with Ad2 / CMVbgal-FasL (100, 500 MOI). the third co-culture, cells co-expressing FasL, p35 and Assuming the viability of the time-matched uninfected GFP were mixed with their counterparts expressing FasL cells was 100%, the viability of the cells 5 days following infection with Ad2 / CMVbgal or Ad2 / CMVbgal-FasL WR19L cells were treated for 16 h with soluble human (500 MOI) was 9761 and 9961% (n56), respectively.
FasL in the presence of an enhancer protein. As expected These results indicate that coronary artery endothelial cells [17] , dose-dependent cell death was detected in A20 but are resistant to FasL / Fas-mediated apoptosis, similar to not WR19L cells. The viability of the human cells was not endothelial cells from other vasculatures [10, 11] .
affected by the treatment, except NHeps, which showed Several types of human cells as well as A20 and some toxicity at high doses (Fig. 8 ).
100% confluence (data not shown), which suggests the importance of cell-cell contact in FasL / Fas signaling. Thus, differences in experimental conditions might explain this discrepancy.
Fate of smooth muscle cells expressing FasL
Autocrine FasL / Fas signaling can initiate apoptosis in activated T-cells and may play an important regulatory role in immune responses [16, 20, 21] . T-cell suicide provides a mechanism for the maintenance of homeostasis of the immune system, for suppression of immune response and for peripheral tolerance. Activation induces expression of both Fas and FasL in T-cells, and in such co-expressing cells, apoptosis soon follows, even in single-cell cultures [16, 20, 21] . It has been suggested that soluble FasL may be the active agent in Fas-dependant autocrine apoptosis. However, supernatants from activated T-cells, which pre- [6] . The majority of the HCASM cells CMVbgal-FasL HCASM cells were capable of inducing expressed Fas at levels that were detectable by FACS apoptosis of target cells, provided that the effector and analysis although there was potentially a small Fas negatarget cells were in physical contact. Taken together, these tive population in culture. By contrast, the majority of the results suggest that in HCASM cells the mode of FasL / surviving cells following infection with Ad2 / CMVbgalFas-mediated apoptosis is not ''suicidal'', in which a FasL FasL did not express Fas. The adenoviral RID (receptor expressing cell kills itself. Instead, it is likely to be internalization and degradation) protein complex has been ''fratricidal'', in which a FasL expressing cell kills neighproposed to induce forced internalization and degradation boring cells bearing Fas. However, we observed that while of Fas following adenoviral infection [18] . However, the nearly all cells expressed FasL at 24 h following infection fact that infection with Ad2 / CMVbgal did not appreciably with Ad2 / CMVbgal-FasL, less than 30% expressed Fas. alter the profile of Fas expression contradicts this notion.
In addition, in a pellet of HCASM cells infected with Alternatively, over-expression of FasL might have downAd2 / CMVbgal-FasL, FasL signaling could lyse only 30% 51 regulated or masked Fas expression. The precise mechaof these cells, as indicated by Cr-release. These surviving nism underlying this observation remains unclear. It was cells were resistant to the membrane-bound FasL which previously reported that infection with Ad5 / FasL did not was presented by the cells co-expressing FasL and p35. change Fas expression while vascular smooth muscle cells These results suggest that there is potentially a FasLat 50% confluence were infected [19] . In our experiments, resistant population of HCASM cells in culture, possibly cells were .90% confluent at the time of infection. We due to lack of Fas expression. The vessels in vivo may performed independent experiments to examine the effects have a high proportion of Fas negative cells. It should also of cell density on cell survival following infection with be noted that in vascular smooth muscle cells the sensitiviAd2 / CMVbgal-FasL. Approximately the same number of ty to FasL / Fas-mediated apoptosis was determined not cells survived when the cells were infected at either 50 or only by expression of surface Fas but also by differential
